[1] Major and trace element concentrations; Sr, Nd, and Pb isotopic ratios; and plagioclase and olivine compositions of samples from 92°35 0 W to 94°10 0 W on the Galápagos Spreading Center (GSC) constrain magmatic processes associated with the 93.25°W overlapping spreading center (OSC). Significant variations in parental magma compositions and extent of low-pressure fractionation over short along-axis distances suggest small, discontinuous, or poorly mixed magma chambers. Mineralogical, petrological, and geochemical data indicate this OSC is characterized by low overall melt supply. Regional along-axis geochemical gradients along the western GSC (e.g., in 206 Pb/ 204 Pb, Nb/Zr, and La (8) /Sm (8) ) are interrupted by increased variability within the OSC, consistent with less efficient mixing of melts in this region. Despite a long-term history of westward propagation, bathymetric and geochemical data are inconsistent with recent propagation of this offset; the eastern limb appears to have recently retreated and left behind a series of abandoned ridges within the overlap zone. The eastern limb shows two progressive westward trends of decreasing ratios of highly to moderately incompatible elements, one outside and one within the overlap zone. The overlapping portion of the western limb also has low ratios of these elements. These patterns are consistent with previously depleted mantle being preferentially melted beneath this offset.
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1. Introduction
Propagating Ridges and Overlapping Spreading Centers
[2] Overlapping spreading centers (OSCs) are a type of mid-ocean ridge offset in which the two ridge axes or ''limbs'' overlap. Typically, the ratio of overlap to offset distance is $3:1, consistent with crack propagation theory [Macdonald et al., 1984; Sempere and Macdonald, 1986] . Two models that have been proposed for the development of OSCs on fast spreading mid-ocean ridges differ in their relationship to subaxial magma chambers. One model involves low magma supply, resulting in separate, small, nonsteady state magma chambers under each overlapping limb [Macdonald and Fox, 1983; Macdonald et al., 1984] . In an alternative model, OSCs might form in regions of high magma supply with a single, large magma chamber shared between the opposing limbs [Lonsdale, 1983 [Lonsdale, , 1985 [Lonsdale, , 1986 . These models have different implications for the composition of lavas erupted at the opposing limbs. In the high-supply model, the composition of lavas erupted on the overlapping limbs should be consistent with comagmatic evolution. In the low-supply model, a broader range of compositions should be present, possibly reflecting differences in mantle sources or magmatic evolution . A broad low-velocity zone has been imaged by seismic tomography in the crust at the 9°N OSC on the East Pacific Rise (EPR). Although this offset is generally characterized by high magma supply [Kent et al., 1993; Hooft et al., 1997; Dunn et al., 2001] , the magma chamber is not continuous between the overlapping limbs [Combier et al., 2008; White et al., 2009] .
[3] Work by Hey [1977a] , Hey et al. [1980 Hey et al. [ , 1989 , Sinton et al. [1983] , Pollard and Aydin [1984] , Phipps Morgan and Parmentier [1985] , and Tentler [2003, 2007] has shown that some ridge offsets, including some OSCs, have a history of along-axis propagation. In such cases, the propagating limb breaks through older, off-axis ocean crust while the failing or doomed rift progressively ceases to be active . This process produces a V-shaped wake of new seafloor on the propagating limb, the boundaries of which are termed pseudofaults [Hey, 1977a] , because they represent age and topographic discontinuities on the seafloor that resemble faults despite having formed by simple accretion processes. Past positions of the doomed rift are visible on the seafloor as a zone of failed or abandoned rifts. In the vicinity of propagating rifts, new lithosphere created on one plate can be transferred to the other plate with the passing of the propagating rift, resulting in a zone of transferred lithosphere . Continuously propagating OSCs have a broad transform zone between the overlapping segments , as the spreading rate varies from zero to the full rate on the propagating rift, with a complementary decrease in spreading rate on the failing or dying rift.
[4] The petrology and geochemistry of lavas erupted along ridge offsets can be useful in understanding crustal magma chamber dynamics and melting conditions in the source mantle at mid-ocean ridges. Previous petrological investigations of offsets with propagation histories include studies along the Galápagos Spreading Center (GSC) Sinton, 1981, 1986; Schilling et al., 1982] , Juan de Fuca Ridge [Sinton et al., 1983; Karsten et al., 1990] and EPR [Sinton et al., 1991; Smith et al., 2001; Wanless et al., 2008] . These studies show that small-scale mantle heterogeneities can be present below ridge axes and that poor mixing can occur in these environments. Four major propagating rifts occur along the GSC; the well-documented 95.5°W propagator [Hey et al., 1980; Christie and Sinton, 1981; Sinton et al., 2003] and the less well studied offsets at 93.25°W, 87°W and 85°W [Wilson and Hey, 1995; Sinton et al., 2003; Perram and Macdonald, 1994; Christie et al., 2005] .
[5] The present study is a geochemical investigation of lavas in the 93.25°W region, with emphasis on magma chamber and mantle melting processes ( Figure 1 ). We use mineral chemistry, major and trace element and isotopic data to better understand the magmatic processes that contribute to the differences between the offsets at 95.5°and 93.25°W, with global implications for magmatism at mid-ocean ridge offsets with variable magma supply, propagation histories, offset geometries and mantle composition. Results of this study show that the 93.25°W offset differs significantly from the offset at 95.5°W and may share similarities to other, more geochemically and petrologically diverse OSCs such as those at 87°W, the Juan de Fuca Ridge, and EPR.
Galá pagos Spreading Center

Geologic Background
[6] Spreading along the GSC initiated 23-25 Ma when the Farallon plate broke apart along the the location of the Nazca and Cocos plates, respectively, over the Galápagos hot spot [Hey, 1977b] . (b) Bathymetric map of the western GSC, which encompasses the portion of GSC west of the Galápagos transform fault near 91°W. Note the transition from axial high morphology in the east to axial valley morphology in the west. (c) Enlarged region detailing the location of G-PRIME dredge sites of this study (indicated by box in Figure 1b ). Dashed lines separate dredges from within the overlap zone along the eastern and western limbs (ELO and WLO, respectively) from those outside the overlap zone on the eastern and western limbs (EL and WL respectively). Multibeam bathymetric data from Sinton et al. [2003] and White et al. [2008] . Dredge location details are given by Cushman et al. [2004] .
preexisting east-west trending Pacific-Farallon fracture zone [Hey, 1977b] . The Galápagos hot spot, which may be as old as 90 Ma [e.g., Hauff et al., 1997] , has been centered approximately beneath the GSC axis for most of the history of the spreading center, producing the Carnegie and Cocos aseismic ridges which track the motion of the Cocos and Nazca plates over the hot spot (Figure 1 ). Over the last 5 million years, the GSC has generally been migrating to the northeast, away from the Galápagos hot spot. Analysis of magnetic anomaly profiles indicates intermediate spreading rates varying from 63 mm/a at 86°W to 45 mm/a at 98°W [DeMets et al., 1994; Wilson and Hey, 1995] , and the presence of four rift tips with a history of propagation away from the Galápagos hot spot. These rifts have propagation rates ranging from 30 to 120 mm/a, commonly near 70 mm/a [Wilson and Hey, 1995] . Two of them, at 95.5°W and 93.25°W, are on the western GSC, west of the Galápagos Transform near 90°50W. They are associated with predominantly southward ridge jumps, i.e., toward the hot spot, where the crust is hotter and weaker [Hey, 1977b] . This process has played an important role in the continuous reorganization of the geometry of the ridge axis [Hey, 1977b; Wilson and Hey, 1995; Sinton et al., 2003 ].
[7] Early work showed that many geochemical characteristics display regular variations and a degree of symmetry along the GSC with distance from the nearby Galápagos hot spot [Schilling et al., 1976; Fisk et al., 1982; Schilling et al., 1982; Verma and Schilling, 1982; Verma et al., 1983; Fisk, 1986] . For example, 206 Pb/
204
Pb, Nb/Zr Nb/ La, and fractionation-corrected La/Sm and La/Yb all increase toward 92°W, the region on the ridge closest to the Galápagos hot spot, presumed to be centered beneath the western Galápagos Archipelago [White et al., 1993] . More recent studies have confirmed and expanded on the nature of these regional geochemical patterns Schilling et al., 2003; Cushman et al., 2004; Christie et al., 2005] .
G-PRIME Cruise
[8] In 2000, the Galápagos Plume Ridge Interaction Multidisciplinary Experiment (G-PRIME) was carried out along an 800-km section of the western GSC from $91°W to 98°W. Results showed that the western GSC can be separated into three main provinces [Sinton et al., 2003] . The Eastern Province, from the Galápagos transform near 90.5°W to 92.7°W, is closest to the hot spot, has elevated bathymetry with axial highs, small-scale segmentation, a shallow axial magma chamber (AMC) reflector Blacic et al., 2004; Chen and Lin, 2004] and a pronounced negative residual mantle Bouguer gravity anomaly Detrick et al., 2002] . Lavas in this region are incompatible element-enriched midocean ridge basalts (E-MORB) Cushman et al., 2004] . Within the Middle Province, between 92.7°W and the 95.5°W propagating rift tip, the GSC transitions to deeper bathymetry with the development of an axial valley, larger-scale segmentation, deepening and eventual disappearance of the AMC reflector, and a less negative residual mantle Bouguer gravity anomaly. Lava compositions in this region, which encompasses the 93.25°W OSC, are mainly transitional or T-MORB, with 0.09 < K/Ti < 0.15 [Cushman et al., 2004] . Within the Western Province, west of the 95.5°W offset, normal or N-MORB (K/Ti < 0.09) are erupted inside deeper and broader axial valleys. Changes occur in volcanic style from a low abundance of seamounts east of 92.7°W to a high abundance of seamounts in the axial zone west of 95.5°W; axial seamounts are rare in the region underlain by a relatively shallow, steady state AMC [Behn et al., 2004; White et al., 2008] .
The 95.5°and 93.25°W Offsets
[9] The 95.5°W offset is the most intensively studied propagating ridge in the world [Hey and Vogt, 1977; Hey et al., 1980; Sinton, 1981, 1986; Phipps Morgan and Parmentier 1985; Hey et al., 1986; Cooper et al., 1987; Kleinrock et al., 1989; Hey, 1989a, 1989b; Hey et al., 1992] . These studies led to generalized models for subaxial asthenospheric upwelling and magmatic process at propagating and doomed rifts [Christie and Sinton, 1981; Schilling et al., 1982; Sinton et al., 1983; Hey et al., 1989 Hey et al., , 1992 . Westward rift propagation of the 95.5°W offset at $50 km/Ma [Hey and Vogt, 1977; Hey et al., 1980] has produced a characteristic V-shaped wedge of young lithosphere with unusually high-amplitude magnetic anomalies and petrological diversity. Propagating rift lavas at 95.5°W display a striking and unusual compositional diversity, ranging from highly magnesian to strongly differentiated basalts and rarely to tholeiitic andesites and rhyodacites [Byerly and Melson, 1976; Byerly, 1980; Christie and Sinton, 1981; Hey et al., 1989] . The most fractionated lavas and deepest axis coincides with the neovolcanic tip of the propagator, a feature that also occurs at many other major propagators [e.g., Christie and Sinton, 1981; Sinton et al., 1983 Sinton et al., , 1991 . The low Mg # (= molar 100 * Mg/(Mg + Fe 2+ )) of lavas close to the propagating tip indicates cooler magmas that have undergone higher degrees of crystal fractionation. The geochemical and bathymetric variations at the 95.5°W propagator have been related to a delicate balance between cooling rate and reduced magma supply [Christie and Sinton, 1981; Sinton et al., 1983; Hey et al., 1989] . The axis of the failing rift also is deeper than the regional seafloor, although basalt glasses associated with rift failure tend to be much less differentiated than those of the propagating rift [Christie and Sinton, 1986; Hey et al., 1989] .
[10] The morphology of the 93.25°W offset differs significantly from that at 95.5°W. It is a classic overlapping spreading center with approximately 24 km of overlap and 7.5 km of offset (Figure 1 ), whereas 95.5°W has $15 km of overlap with an offset of 22.2 km. The overlapping limbs at 93.25°W lack pronounced deep bathymetry; instead they are up to 150 m shallower than the surrounding axial ridges [Sinton et al., 2003] . Lavas at 93.25°W have T-MORB, rather than N-MORB compositions, and AMCs are imaged at an intermediate depth of $2.5-3.5 km below the seafloor [Blacic et al., 2004] . At 93.25°W the two limbs overlap between 93.17°W and 93.40°'W; thus, the region around the offset can be divided into four subregions: the eastern limb outside the overlap zone (which we refer to as the eastern limb or EL), the eastern limb within the overlap zone (ELO), the western limb outside the overlap zone (WL) and the western limb within the overlap zone (WLO) (Figure 1 ). The 93.25°W OSC has had a long-term trend of westward propagation [Wilson and Hey, 1995] ; WLO lavas have higher Mg # within the overlap zone but ELO lavas lack the fractionated signature that characterizes the propagating limb at 95.5°W and most other propagating rifts. The 93.25°W rift has a higher average propagation rate than observed at 95.5°W (70 mm/a versus 48 mm/a) [Wilson and Hey, 1995] , and is breaking through younger (260 ka versus 910 ka) and thicker (6.4 km versus 5.7 km) crust; overall magma supply is $20% greater owing to the slightly higher spreading rate and closer proximity to the Galápagos hot spot [Sinton et al., 2003 ]. These differences suggest that some of the processes that typically occur at magmastarved propagating rifts, or many other OSCs, may not be at play at 93.25°W.
Sample Selection and Methods
[11] The study area includes a sample suite encompassing 24 G-PRIME dredge stations along 175 km of the GSC spanning the 93.25°W OSC (Figure 1 ). Geochemical groups within dredge sites were previously defined using major element data for glasses from one or more samples from every dredge station and reported as group averages [Cushman et al., 2004] . For this study, at least one sample was chosen from each previously defined geochemical group for glass trace element analysis by inductively coupled plasma mass spectrometry (ICPMS) (Table 1) using the methods of Neal [2001] and Pyle et al. [1995] , and, if enough sample was available, whole rock major and trace element analyses by X-ray fluorescence (XRF) spectrometry (Table 2) following procedures described by Sinton et al. [2005] . A subset of eight hand-picked glasses was analyzed for Sr, Nd, and double-spike Pb isotope ratios by thermal ionization mass spectrometry (Table 3) following the procedures of Mahoney et al. [1991 Mahoney et al. [ , 1992 and Sheth et al. [2003] . These data complement previous ICPMS analyses of seven samples and isotopic analyses of six samples from the study area (S. Ingle et al., Mechanisms of geochemical and geophysical variations along the western Galápagos Spreading Center, submitted to Geochemistry, Geophysics, Geosystems, 2009) (see also auxiliary material 1 , Tables S1 and S2). Trace element analyses of duplicate samples from glass group 47D are similar within analytical errors, suggesting that the selection of only one sample from most groups adequately represents the first-order chemical variation in our collection. Electron microprobe data on mineral compositions were collected for olivine and plagioclase in 12 samples. Table S3 contains glass compositions of all study area samples used to define the chemical groups of Cushman et al. [2004] . Olivine and plagioclase compositions (Tables 4a-4c, 5a , 5b, S4, and S5) are reported for cores and rims (grain interior and margins) and are averages of two to eight spot analyses collected from individual crystals. See Appendix A for details of the analytical methods and uncertainties for all data.
[12] All sample stations, except for the westernmost one, lies within $1 km of the presumed current ridge axis. Thus, although this study is intended to represent an analysis of ''zero-age'' petrological variations, some samples could be as old as $40 ka. For the most part, however, all samples are quite glassy and appear to be much younger. Because mid-ocean ridge eruptions can easily extend more than 1 km from the ridge axis [e.g., Perfit and Chadwick, 1998; Sinton et al., 2002] , even those dredges taken some distance from the axis could be very young.
Results
Petrography
[13] All lavas analyzed in this study are tholeiitic pillow and sheet flows ranging in total phenocrysts from < 1 to 16%. The phenocryst assemblage for all samples is plagioclase ± olivine ± clinopyroxene, with plagioclase being the most abundant phenocryst phase in most cases. Olivine ranges from highly skeletal to euhedral and tends to be <1.3 mm. Plagioclase is commonly visibly zoned; several samples contain grains up to 2.6 mm with sieve (partial dissolution) texture, a common disequilibrium texture indicating a complex history, most likely arising from magma mixing. Clinopyroxene dominantly occurs as small anhedral grains in glomeroporphyritic intergrowths with plagioclase laths, and rarely as isolated phenocrysts in samples with <7.5 wt % MgO. There is no apparent correlation between phenocryst content and location along the ridge although lavas from the overlapping region of the eastern limb (ELO) generally have fewer plagioclase and clinopyroxene phenocrysts.
Mineral Compositions
[14] Olivine and plagioclase compositions for both cores and rims were determined for five samples from within the overlap zone and seven samples from outside the overlap zone (Tables 4a-4c , 5a, and 5b). Results are reported as an average of at least two analyses. A complete set of olivine and plagioclase compositions is reported in Tables S4  and S5. [15] Olivine ranges from unzoned to both normally and reversely zoned (Tables 4a-4c Five samples contain olivine grains with Fo contents higher than expected for equilibrium; all are from the overlapping region of the study area, with the exception of sample 34-4 which is from the eastern limb outside the overlap zone.
[16] Plagioclase compositions range from 62.3 to 91.8 mol % anorthite (An = 100 Ca/(Ca + Na)); both normally and reversely zoned plagioclase grains are present. Although some samples contain euhedral plagioclase with a limited compositional range, others are more complex, both texturally and compositionally (Tables 5a and 5b ). Samples with the most variation in plagioclase occur near or within the overlapping region and these samples tend to have two different populations of An contents (Figure 3) . The lowest-An plagioclase grains occur in glomeroporphyritic clusters with clinopyroxene or olivine. The highest-An grains occur in samples near or within the overlapping region. Equilibrium plagioclase compositions for each host glass were calculated using the MELTS and Adiabat_1ph algorithms [Ghiorso and Sack, 1995; Smith and Asimow, 2005] , at pressures of 500 to 2000 bars. This pressure range encompasses AMC depths determined from multichannel seismic imaging [Blacic et al., 2004] of 2500-5000 ± 400 m below the seafloor (= 925-1635 ± 145 bars assuming 2215 ± 295 m water depth, crustal density of 2900 kg/m 3 and lithostatic pressure). The greatest deviations from predicted equilibrium are shown by samples from within the overlap zone and along the western limb. The 145 bar uncertainty in pressure corresponds to a 0.1 mol % An difference in predicted plagioclase equilibrium. Sample 42-4, from the tip of the western limb (Figure 1 ), contains the most calcic grains, with some cores and rims between 87 and 92 mol % An, including one sieve-textured grain. The calculated equilibrium An composition for sample 42-4 is much lower, at 81-83 mol % An. The core of the sieve-textured plagioclase of sample 34-4 is much more calcic than its rim (87 mol % An core, 75 mol % An rim) or other plagioclase grains in the sample, which are close to calculated equilibrium compositions for the host glass (73-76 mol % An).
Chemical Types
[17] Sr, Nd and Pb isotopic ratios of samples from the western GSC are well correlated with one another (e.g., Figure 4a ). Despite the small alongaxis distance represented, samples from our study area encompass approximately 40% of the total isotopic range for the entire western GSC [e.g., Schilling et al., 2003; Ingle et al., submitted manuscript, 2009] . Samples 39-1 and 43-1 represent the isotopic extremes within the study area. Strongly linear correlations among isotopic ratios of western GSC lavas indicate that much of the variation can be explained by mixing between two main components, one with low Sr and Pb isotopic ratios and high e Nd , and one with high Pb and Sr isotopic ratios and low e Nd [e.g., Schilling et al., 1982 Schilling et al., , 2003 Ingle et al., submitted manuscript, 2009] .
[18] Several key incompatible trace element ratios also correlate well with isotopic ratios (Figures 4b  and 4c) . Those with the most extreme isotopic ratios also have the most extreme values of Nb/ Zr and La/Sm. Because these two ratios are relatively insensitive to fractionation, they indicate the range of values in parental magmas for this section of ridge. At moderate to large extents of partial melting, these ratios also should be similar to those of the source mantle, as the bulk distribution coefficients for these elements are similar in garnet-free mantle. Thus, the two-component source mixing scenario for the isotopic variation also applies to these trace element variations, with the high 87 (Figure 4d ).
[19] Cushman et al. [2004] classified samples from the western GSC primarily on the basis of glass K/ Ti values. According to this classification, all samples from our study area are T-MORB, except for sample 43-1, which is N-MORB. However, the sample suite can be further subdivided on the basis of isotope and incompatible element ratios ( Figure  4 ). We distinguish relatively incompatible-element enriched samples (29-1, 39-1 and 50-1) with Nb/Zr > 0.08, relatively incompatible-element depleted samples (43-1, 48-1 and 51-1) with Nb/Zr < 0.06, and an intermediate group with Nb/Zr between 0.06 and 0.08. We therefore adopt the terminology of eT-MORB, dT-MORB and nT-MORB to distinguish these three groups. Obviously, this is a somewhat arbitrary division (e.g., even though sample 43-1 can be classified as N-MORB on the basis of K/Ti, we retain the terminology of dT-MORB for this sample).
Geochemical Variations
[20] Samples from the study area span a range of MgO from $6-9 wt %. Variations of most major and trace elements versus MgO define trends that are generally consistent with evolution by crystallization and removal of olivine ± plagioclase ± clinopyroxene ( Figure 5 ). As expected, the eT-and dT-MORB types have higher and lower values, respectively, of Nb, La, K/Ti and P 2 O 5 at a given value of MgO. These differences are apparent in both glass and whole-rock data for Nb and K/Ti, despite analysis by different methods and the inclusion of variable amounts of phenocrysts in the whole rocks. Whole-rock XRF analyses for Na 2 O are $0.15 wt % lower and for FeO* are $0.30 wt % higher than values obtained by electron probe on glass, but values for the eT-, nT-, and dT-MORB are indistinguishable at the same MgO content. In addition, data for the eT group tend to have higher Sr concentrations at a given MgO, while the dT group samples have lower Ni at a given MgO. The scatter in several MgO variation diagrams (e.g., CaO, Na 2 O) is greatest at high MgO values; many of these samples come from (Figure 5 ), features that Eason and Sinton [2006] attributed to high-pressure crystallization of clinopyroxene close to offsets along the GSC. SiO 2 is generally lower in samples from the eastern limb compared to western limb samples. This result could reflect either higher-pressure evolution or a lower-SiO 2 parent for the eastern limb.
[21] Chemical variations for samples from the study area are broadly consistent with evolution at low pressure, as shown by MELTS simulations [Ghiorso and Sack, 1995] at 500-1000 bars pressure, using sample 43-1 as a parental melt ( Figure  5 ). To correct for the effects of magmatic differentiation, we have adjusted sample values to 8 wt % MgO, similar to the procedure of Klein and Langmuir [1987] . Following Cushman et al. [2004] , major element oxide variations versus MgO are approximately linear and were adjusted using a linear regression, while trace element variations versus MgO are curved and were adjusted using a power law regression (y = Ax B ); samples with MgO > 8.5 wt % or <3.5 wt % were not used in the regressions. The adjusted values are indicated hereafter with the subscript 8.
[22] Primitive mantle -normalized plots of glass incompatible trace element compositions ( Figure 6 ) show that samples from the ELO have broadly similar patterns to samples outside the overlap zone. However, samples from the WLO and sample 40-2 from the EL are distinct, having lower overall MgO and incompatible element abundances, indicating less overall differentiation. Negative Sr anomalies on the patterns become progressively more pronounced with increasing overall incompatible element abundances, suggesting that Sr depletion can be explained by plagioclase fractionation in the more evolved samples. Only the most differentiated samples show very slight Eu anomalies, which also can be used to monitor plagioclase fractionation. However, Eu is much less sensitive to plagioclase fractionation than is Sr because the Eu K D is much smaller than the Sr K D for plagioclase 0.73 versus 2, respectively [McKenzie and O'Nions, 1991] . Furthermore, the Eu K D for plagioclase decreases with increasing liquid fO 2 [e.g., Weill and Drake, 1973] . Because Galápagos T-MORB are slightly hydrous compared to typical N-MORB [Cushman et al., 2004] it is likely that the difference in Sr and Eu K D values is even greater in these samples, making Eu relatively insensitive to small amounts of plagioclase fractionation. 
Along-Axis Geochemical Variations
[23] The GSC between 85°W and 95°W shows regional gradients in axial depth, isotope ratios, incompatible element ratios and some fractionation-corrected major and minor element oxides with distance away from the Galápagos hot spot [Schilling et al., , 2003 Verma et al., 1983; Langmuir et al., 1992; Detrick et al., 2002; Cushman et al., 2004; Christie et al., 2005] . The most pronounced gradients along the western GSC are eastward increases in Pb isotope ratios, Nb/Zr, La/ Sm, K/Ti and H 2 O 8.0 Cushman et al., 2004; Ingle et al., submitted manuscript, 2009] . Within the study area ( Figure 7 ) these gradients are less obvious, although it is apparent that the well-represented nT-MORB define patterns parallel to the regional trends but with a much smaller spread in values over a given range of longitude. Other chemical types are much less well represented in our sample set, but dT-MORB tend to have lower values of incompatible element and Pb isotope ratios than nT-MORB at all longitudes.
[24] Overall, samples from the 93.25°W overlap zone show a slightly greater range of isotopic values compared to the axial ridges on either side, a feature seen even more clearly at the 95.5°W offset (Ingle et al., submitted manuscript, 2009 ). However, other geochemical variations associated with the 93.25°W OSC are strikingly different from those at 95.5°W. Rather than becoming increasingly differentiated toward the ridge tip along the long-term propagating eastern limb, MgO gradually increases toward the tips of both the eastern and western limbs. Along the eastern limb, there are two trends of increasing MgO from east to west, one as the overlapping region is approached and one within the overlapping region (Figure 7 ), a pattern repeated by incompatible trace element ratios with two trends of westward decreasing values, one outside and one within the overlap zone. For the western limb, both eT-and dT-MORB tend to have higher MgO relative to nT-MORB samples at the same longitude, and incompatible element ratios tend to be lower for samples inside the overlap zone; this reversal from the (Figure 7 ). For example, MgO can vary by more than 2 wt % between successive sample sites separated by less than 7 km, and there are wide variations in ratios such as Nb/Zr and La/Sm over similar distances. This finding contrasts with the results of dredge sampling of the faster spreading southern EPR [Sinton et al., 1991] , where dredges spanning axial distances up to 185 km (1.77°longitude) could be related to common parental magma compositions. Sinton et al. [1991] argued that the length of sections of ridge axis characterized by similar parental magma compositions, which they called second-order magmatic segmentation, should increase exponentially with spreading rate. The magmatic segment length predicted by those authors [see Sinton et al., 1991, Figure 15 ] for the 52 mm/a spreading rate of the GSC in this area is 11 km. Our observations of differing parental magma compositions between neighboring dredge sites indicate that the length scale of magma homogenization in this area can be no greater than this value.
[26] In only one case was the same glass composition found in two successive dredges. One sample in dredge 48, from a small high in the axial graben, has nearly identical glass composition to those in dredge 47, which sampled a small axial seamount $10 km away. This result might suggest that a single lava flow extends for at least 10 km between dredges 47 and 48, although it is now known that different lava flows can have identical chemical composition, at least at the very fast spreading southern EPR .
[27] Despite relatively smooth along-axis geochemical gradients within individual chemical [Roeder and Emslie, 1970] . Most olivine has a composition broadly consistent with equilibrium, although some cores are more Forich than predicted from equilibrium considerations. Representative olivine analyses are given in Tables 4a -4c. Core analyses were determined for the interior of the grain, and rim analyses were determined for the exterior of the grain. types in our study (Figure 7) , the distribution of these types is highly irregular along axis, unlike the E-MORB associated with the doomed tip at 9°37N on the EPR [Smith et al., 2001] . Furthermore, of the 24 dredges in our study, 18 contain only a single geochemical group based on glass major element data of Cushman et al. [2004] (Table S3) . Interestingly, five of the six dredges containing more than one geochemical group [Cushman et al., 2004] (dredges 34, 35, 39, 41, 42) are located inside the overlap zone or within $11 km of it on the eastern limb. Although a deepening and discontinuous magma chamber reflector has been imaged by seismic reflection in much of this area [e.g., Blacic et al., 2004] , it is clear that processes operating within subaxial magma reservoirs have not efficiently homogenized magma compositions over spatial and temporal scales represented by our sampling.
[28] We conclude that most eruptions in this area have tapped magma chambers that are either chemically heterogeneous internally or are small and discontinuous, and also that the length of axis covered by individual eruptive units is mostly less than our dredge spacing. In addition, the temporal and spatial scales of magma homogenization appear to decrease close to the overlap zone.
Low Melt Supply to the GSC 93°W OSC
[29] As discussed above, evidence for large, wellmixed magma reservoirs is lacking along this portion of the GSC. Instead, the spreading center is generally characterized by moderate chemical variability over relatively short spatial scales, some of which might reflect temporal variation that we are unable to constrain. Despite this general obser- Figure 3 . Histograms of anorthite (An = 100 Ca/(Ca + Na)) content of plagioclase cores for the four regions of the study area. Sample numbers are shown in the top right corner of each plot. Shaded gray region denotes equilibrium compositions predicted by MELTS [Ghiorso and Sack, 1995; Smith and Asimow, 2005] for each host glass composition at pressures of 500 to 2000 bars, using glass composition, including water content from Cushman et al. [2004] . For samples lacking H 2 O data, H 2 O was assumed to be 0.25 wt % (analyzed samples contain 0.10 to 0.31 wt % H 2 O). n is number of grains analyzed, with an average of four analyses conducted per grain. Note broader compositional ranges and common bimodality of plagioclase compositions in overlap zone samples. 2009GC002445 vation, there are a number of lines of evidence that the overlap region is even more heterogeneous than the ridges to either side.
Geochemistry Geophysics
[30] Lavas within the overlap region of the eastern limb tend to be more crystal rich, containing 10-16% crystals versus 2-11% outside the overlap zone, and commonly contain multiple compositional populations of plagioclase and olivine with significant core-to-rim variations (Tables 4a-4c,  5a , and 5b), many of which are far from equilibrium with their host glasses (Figures 2 and 3) . The mineralogical diversity and the presence of sievetextured plagioclase in some samples within the OSC indicates that mixing of magma batches and the entrainment of xenocrysts is more important in this zone than in the ridge segments outside the zone. Thus, the mineralogical characteristics of the OSC region are similar to those of low-magma supply ridges lacking a well-developed melt lens [e.g., Sinton and Detrick, 1992] .
[31] There also is a suggestion of increased chemical diversity within the overlap zone. (Figure 7 and Tables 1-3). These increased ranges suggest greater compositional variance within the overlap zone, although, given the relatively small numbers of samples, not all of the apparent increases in variance are statistically significant. Nevertheless, F test analysis indicates that the probability that variances in Pb and Nd isotope ratios are greater in the overlap zone, compared to ridges on either side, ranges from $60-85%.
[32] Rubin and Sinton [2007] showed that high variability, particularly for chemical features inherited from the mantle, is also a feature of low-magma supply mid-ocean ridges, where magma chambers tend to be smaller, more intermittent, and probably also deeper in the crust. The above variations, combined with the observation that dredge hauls close to the overlap zone are more likely to contain more than one chemical type, are all consistent with small and intermittent magma reservoirs resulting from generally low and possibly intermittent magma supply to the overlap region, compared to the rest of the GSC. Our data Figure 5 . Major element oxide (wt %) and Nb (ppm) variation versus wt % MgO. Model fractionation paths from MELTS modeling [Ghiorso and Sack, 1995] at 500 and 1500 bars (dotted and dashed lines, respectively) use sample 43-1 as the starting composition and oxygen buffer of Faylite-Magnetite-Quartz (FMQ) -2. Note the low SiO 2 and moderately high Al 2 O 3 of sample 44-1, which Eason and Sinton [2006] attribute to high-pressure crystallization of clinopyroxene. 2009GC002445 strongly support the low-magma supply model for this OSC.
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Magmatic and Bathymetric Evidence for Tectonic Evolution of the 93.25°W OSC
[33] Analysis of magnetic anomalies in the region indicates progressive ridge jumps to the south between 92°and 93°W and a long-term, westward propagation of the 93.25°W OSC at $70 mm/a [Anderson et al., 1975; Hey, 1979; Wilson and Hey, 1995] . According to Wilson and Hey [1995] , the most recent identifiable jump occurred about 300 ka. Christie and Sinton [1981] and Sinton et al. [1983 Sinton et al. [ , 1991 showed that most propagating rifts are associated with along-axis gradients to deeper bathymetry and increased extent of shallow level fractionation at the propagating tip; these gradients can extend for a few tens to a few hundreds of kilometers behind the rift tip. In contrast, along failing rifts the extent of shallow level fractionation typically decreases toward the rift tip, while the rift axis also increases in depth [Sinton et al., 1983 [Sinton et al., , 1991 Yonover et al., 1989; Hey et al., 1992] . However, near 93.25°W, MgO increases toward the tip of each limb and within the overlap zone, and the overlapping ridge axes become shallower than those outside the overlap zone on either side. The lack of increased magmatic differentiation and deepening bathymetry along the long-term propagating eastern limb at 93.25°W suggests that westward propagation in this area has not been continuous, at least over the time represented by our samples, and that rift propagation may have stopped or even reversed.
[34] Multibeam bathymetry around the 93.25°W OSC (Figure 8 ) shows a bifurcation in the tip of the eastern limb into a series of ridges that progressively step to the left, i.e., away from the western limb. Interestingly, this configuration mirrors the Figure 6 . Primitive mantle -normalized incompatible element patterns for samples within the overlap zone for each limb of the 93.25°W offset. Data for samples outside the overlap zone (EL and WL) plot within the gray fields. In the second panel, the dashed line outlines the EL patterns from the first panel. Lavas from within the overlap region of the western limb, as well as sample 40-2 from the eastern limb, have overall lower incompatible element abundances and steeper trends than those of all other study area samples. Primitive mantle -normalizing values are from Sun and McDonough [1989] . Zr values for samples 29-1, 32-2, and 45-2 and Y values for samples 38-2, 48-4, and 41-7 are XRF values, which we consider to be more reliable than the ICPMS values for these elements. right-stepping bifurcation of the eastern or dying limb at the 87°W OSC [Christie et al., 2005] . One possible explanation for the short bifurcated ridge segments to the south of the overlap zone at 93.25°W is that these are abandoned rifts stranded by the process of ''self-decapitation'' described by Macdonald et al. [1987] and Wilson [1990] . Wilson [1990] argued that rift failure associated with propagating OSCs is likely to be highly episodic, and that the progressive deflection of the failing rift tip away from the ridge axis through time leads to increasing outward curvature until the failing rift tip is abandoned and a new doomed rift forms (Figure 8 ). For small offsets, as in the 93.25°W OSC, inward jumps can cut across the inner pseudofault into crust formed at the propagating segment. Although this process was initially described for a case of continuous propagation and failure, Korenaga and Hey [1996] applied it to a dueling propagator system between 26°S and 32°S along the southern EPR, and showed that the offset has had a dueling propagation history with periodic propagation of the doomed ridge. Applying this model to the OSC at 93.25°W, dredges 37, 38, and 39 sampled an older abandoned rift whereas dredge 40 is located on the present rift tip (Figure 8 ).
[35] The variations of MgO and bathymetry along the eastern limb (Figure 7 ) are consistent with recent retreat, in accord with the configuration of ridge segments shown in Figure 8 . MgO increases along the EL to the west, and this pattern is repeated along the possible abandoned ridge of the ELO. As ridges are abandoned, they commonly get shallower, such as near 20°S on the EPR [Macdonald et al., 1988] , and so the shoaling of the ELO also is consistent with recent abandonment of the limb inside the offset. Samples from the WLO also have slightly higher MgO than those farther west. Whether this reflects recent stagnation or failure of the extension of the western limb or simply the reduced magma supply and disruption of magma chambers of this ridge segment is unclear. It is notable, however, that the tectonic evolution we infer for the 93.25°W OSC is very similar to the transient dueling propagation proposed by Christie et al. [2005] for the OSC at 87°W.
[36] If the interpretations shown in Figure 8 are correct, then the eastern limb, with a long-term history of westward propagation, has stopped propagating and has possibly been retreating recently. This would explain why the characteristic fractionated signature and deep bathymetry at the propagating rift is not seen there. The western limb has either been relatively stable or recently retreated whereas the eastern limb shows much clearer evidence for recent retreat. In either case, the OSC is generally dominated by discontinuous magma systems and overall low magma supply. Both the 93.25°W and 87°W GSC OSCs show evidence for transient events that interrupt the long-term propagation histories of these offsets.
Melting Beneath the 93.25°W OSC
[37] The overlap zone of the 93.25°W OSC is characterized by slightly greater diversity of incompatible element and isotopic ratios, consistent with less efficient homogenization of primary melts beneath this zone. However, the distribution of compositions within the zone is not entirely random. For example, WLO samples have lower values of ratios of highly over moderately incompatible elements and higher values of MgO, compared to ELO samples throughout the overlap zone. Although four samples from each limb may not be sufficient to fully define variability within this zone, it is striking that samples from each limb define discrete fields in each of the second through sixth panels of Figure 7 . Even more striking are the along-axis patterns for samples from the eastern limb. The EL mimics the regional pattern of the western GSC with gradual decreases in ratios of highly over moderately incompatible elements, along with a gradual increase in MgO (Figure 7 ) and CaO/Al 2 O 3 (not shown) for at least 50 km as the overlap zone is approached from the east. However, this trend is disrupted as the overlap zone is entered; ratios step to higher values and Pb plot are data from Schilling et al. [2003] . Dashed lines bound the overlap region. The diagonal solid lines show the broad regional geochemical gradients seen in the western GSC [Schilling et al., , 2003 Verma et al., 1983; Langmuir et al., 1992; Detrick et al., 2002; Cushman et al., 2004] . Lightly shaded regions on the eastern limb encompass two trends of decreasing incompatible element ratios and increasing MgO content from east to west, one as the overlapping region is approached and one within the overlapping region (shown with arrows). The western rift displays a decrease in incompatible element ratios within the overlap zone (dark shading). K/Ti of sample 29-1 is the group average from Cushman et al. Macdonald et al. [1987] and Wilson [1990] . Thick red lines are active ridge axes, gray areas represent the zone of transferred lithosphere, and thin colored lines represent increasing increments of seafloor spreading, or isochrons. See section 4.2 for discussion. again decrease westward toward the tip of the limb (Figure 7 ). In contrast, data for the western limb are more scattered in most chemical parameters and there are no well-developed gradients of WL or WLO data, other than a gradual increase in MgO. WLO samples have slightly lower incompatible element ratios compared to WL samples from farther west, despite the WL being closer to the Galápagos hot spot. In addition, sample 43-1, which is the most depleted in incompatible elements and has the lowest Pb isotope ratios of any sample in our study, is from the WLO. Thus, overall, EL and ELO samples tend to show increasing incompatible element depletion with distance to the west, whereas WLO samples cluster near the more depleted limit of values compared to the regional gradients.
[38] The result of greater chemical diversity extending to somewhat more depleted compositions in the 93.25°W OSC is similar to results for some transform settings [e.g., Fornari et al., 1989; Sinton et al., 1991; Perfit et al., 1996] . It is therefore useful to address possible origins of the incompatible element depletion that might characterize many ridge offsets.
[39] The most common explanations for depletion in highly incompatible elements are either high extents of melting or melting of a depleted source mantle. Although the chemical signatures of these two processes can be difficult to distinguish, it is difficult to reconcile high degrees of melting within the overlapping segments of this part of the GSC with our arguments that magma chambers are poorly developed and that the data indicate a low melt flux. Even though the overlapping limbs are shallow, they also are relatively narrow, and there is no evidence for thicker crust in the overlap region. Thus, available bathymetric, mineralogical and chemical evidence strongly favor low melt flux and evolution in small, poorly developed magma chambers in the OSC. Although it may be possible to decouple extent of mantle melting from magma supply to the crust, it is difficult to imagine progressive increases in melting with overlap distance, as suggested by the pattern along the ELO, and it is counterintuitive to expect increasing melting as a rift progressively dies or a new rift forms in old lithosphere.
[40] Melting of mantle that has been depleted by previous melting events will produce incompatible element compositions that can mimic those generated by high extents of melting, because prior melting will leave a residual mantle more depleted in the more incompatible elements. Thus melting of previously depleted mantle should produce characteristic incompatible element depletion at low melt volumes and low total melt fluxes, which in turn should result in poorly developed crustal magma systems. The challenge is to understand why previously depleted mantle might be preferentially melted beneath the OSC (and other ridge offsets), and why the amount of prior depletion might increase with distance along the ELO. One possibility is that the eastern limb taps mantle that has been previously depleted by melting along the western limb. In passive mantle upwelling, the rate of upwelling and corresponding lateral flow will be proportional to the amount of plate separation beneath that limb. For a steady state OSC, plate separation within the overlap zone must be partitioned between the two ridges, such that spreading rate gradually decreases toward each individual OSC tip; that is, as plate separation gradually decreases on one limb, it gradually increases on the opposing limb. The limb with the smaller amount of plate separation is most likely to tap residual mantle exiting the melt extraction region of the dominant limb. In this way, the limb with the smaller plate separation rate should be more likely to tap mantle that is residual from more robust melting beneath the limb with the greater amount of plate separation. This process should produce complementary geochemical patterns on the two limbs. Although there indeed is a pattern of increasing depletion along the ELO, data for the WLO are far less convincing.
[41] Another, poorly constrained option to explain incompatible element depletion is incomplete focusing of melt to the ridge axis [e.g., McKenzie, 1984; Plank and Langmuir 1992] , in which lowdegree melts from the corners of the roughly triangular melting region are the least likely to migrate to the ridge axis. It is possible that as spreading progressively decreases on individual ridges within the overlap zone, melt is preferentially drawn from the shallowest parts of the melting region, which will be the most depleted in highly incompatible elements [e.g., Plank and Langmuir, 1992] . Thus, incomplete melt focusing can explain our observations if melt focusing is progressively less complete with distance inside the overlap zone along the ELO. Unfortunately, the controls on the efficiency of melt focusing are poorly understood in detail [e.g., Phipps Morgan, 1987; Scott and Stevenson, 1989; Spiegelman, 1996; Katz et al., 2006] , and the processes of mantle flow and melt migration beneath OSCs even less so. Although it is not known how a diffuse or overlapping plate boundary configuration, such as that at OSCs, might affect melt migration patterns in the underlying asthenosphere, it seems likely that melt focusing might vary in complex spreading systems with variable plate separation and upwelling rates.
[42] The evidence from the 93.25°W OSC suggests that mantle melting occurs in small melt batches, with a slight preference for tapping of previously depleted mantle, similar to the interpretation of Perfit et al. [1996] for polybaric melting beneath the Siqueiros transform fault, where highly depleted lavas were interpreted to be derived from the shallowest, most depleted parts of the upwelling mantle. Whether or not melting relations beneath the 93.25°W OSC are also related to complicated mantle flow or melt focusing scenarios cannot be determined from the present study.
Conclusions
[43] 1. The 93.25°W OSC on the western GSC is characterized by the eruption of relatively high-Mg T-MORB lavas along shallow overlapping ridges. Despite a long-term history of westward rift propagation, there is no petrological or bathymetric evidence that either limb of the 93.25°W OSC is currently propagating; bathymetric and geochemical data suggest that the eastern limb has recently retreated and left behind a series of abandoned ridges within the overlap zone.
[44] 2. Geochemical data for the study area fall within, and encompass $40% of the total range of the nearly linear arrays of isotopic ratios for the western GSC. The near-linearity of these arrays suggests mixing between two principle mantle components with different isotopic ratios [Schilling et al., 2003; Ingle et al., submitted manuscript, 2009] . Correlated incompatible trace element ratios and isotopic ratios allow samples to be separated into three subtypes of T-MORB: relatively incompatible element enriched eT-MORB, relatively incompatible element depleted dT-MORB, and normal nT-MORB. The distribution of the three subtypes indicates that the two mantle components are present throughout the region.
[45] 3. Significant variations in extent of lowpressure fractionation and in parental magma compositions occur over short along-axis distances, suggesting that magma chambers are likely to be small, discontinuous and/or poorly mixed over distances less than our sample spacing of about 10 km.
[46] 4. Compared to ridge segments outside the overlap zone, most overlap zone lavas are much less differentiated, with higher MgO, lower overall incompatible element abundances, and less pronounced depletions in Sr. High-Mg, crystal-rich lavas containing multiple populations of plagioclase and olivine, and disequilibrium compositions and textures suggest that overlap limb lavas originated from magma chambers characterized by low melt supply. In addition, regional along-axis geochemical gradients for the western GSC (e.g., in 206 Pb/ 204 Pb, Nb/Zr, La (8) /Sm (8) , etc.) are interrupted by slightly increased variability in the overlap zone. All geochemical and petrological results for the 93.25°W OSC indicate that this offset is characterized by low magma supply; the highmagma supply model for some OSCs is not appropriate for this OSC.
[47] 5. The eastern limb shows two progressive westward trends of decreasing ratios of highly to moderately incompatible elements, one outside and one within the overlap zone. The overlapping portion of the western limb also has low ratios of these elements. We interpret this result to suggest that previously depleted mantle is preferentially melted in this, and other mid-ocean ridge offsets, either related to melting of mantle that is residual from prior melting under the opposing limb of the OSC or through incomplete focusing of melt to the ridge axes. Mg), Verma garnet (Mn), diopside (Ca), magnetite (Fe) and Ni-metal (Ni) for calibration. Peak counting times were 60 s for Mg, Si, Ni and Ca and 30 s for Fe and Mn. Background counting times were 30 s for Mg, Si, Ni and Ca and 15 s for Fe and Mn. Accepted data have oxide totals between 98.5 and 101.0 wt % and cation totals between 3.01 and 2.99 per 4 oxygens for olivine and 5.01 and 4.99 per 8 oxygens for plagioclase. Standard deviations for olivine and plagioclase were calculated from repeat analyses of San Carlos and Spring Water olivines, and Lake County plagioclase, respectively. Analytical procedures for glass analyses by microprobe were reported in Cushman et al. [2004] .
[49] Whole rock XRF analyses were obtained with the University of Hawai'i Siemens 303AS spectrometry system with a Rh-target, end-window Xray tube. Samples were crushed to $5 mm size, inspected to avoid alteration, and powdered in an alumina swing mill. Powders were analyzed for major and minor elements on fused disks following methods similar to those of Norrish and Hutton [1969] . Trace elements were determined on pressed powder pellets. Peak intensities for the trace elements were corrected for backgrounds, line interferences and matrix absorption using methods similar to those of Chappell [1992] . Corrected intensities were calibrated against a wide range of natural rock standards [Sinton et al., 2005] .
[50] Glass was analyzed for trace elements using the University of Hawai'i Thermo-Finnigan Element2 ICPMS following Pyle et al. [1995] and Neal [2001] . Trace element concentrations were determined by external calibration with USGS standards BIR-1, W-2, BHVO-1 and BCR-1. Repeat analyses of in-house standard K1919 are good indicators of analytical uncertainty and run-to-run precision. Separate dissolutions of BHVO-1 and BIR-1 also were treated as unknowns (i.e., not used in the standard calibration curves) as an assessment of accuracy of the analyses. Two samples were picked, dissolved and analyzed in duplicate to assess procedural error and variation in glass picking procedure, and we also reanalyzed three samples reported by Ingle et al. (submitted manuscript, 2009 ) with newly picked glass to assess differences arising from slight procedural differences and the use of a different mass spectrometer (the Element2 used for this study versus the VG PQ-2S used by Ingle et al. (submitted manuscript, 2009) ). Errors for each element are reported in Table 1 as one standard deviation and range from 0.3% to 3.4% of that element's average abundance with the exception of Zr, (9.2%) and Hf (8.5%). Standard analyses and accepted values are reported in Table S6 .
[51] Glass was analyzed for strontium, neodymium, and lead isotopes by thermal ionization mass spectrometry using the VG Sector multicollector mass spectrometer at the University of Hawai'i. Procedures followed for isotopic analyses and associated sample preparation and processing were those of Mahoney et al. [1991 Mahoney et al. [ , 1992 and Sheth et al. [2003] , except that the double-spike Pb isotope analyses were made in multidynamic mode rather than multistatic mode.
